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Abstract. The class of vehicles that can move both in the air and underwater has been of great 
interest for decades. A novel water-air unmanned vehicle with double quadrotor structure is 
designed in this study. The air power mechanism works when the vehicle flies in the air, whereas 
the water power mechanism works when it moves underwater. The water entry process of 
water-air unmanned vehicle requires accurate attitude and height control, or the vehicle may 
bounce off or overturn. However, a force resisting its descent known as in-ground effect will affect 
its stability. The in-ground effect formula of the water entry process is derived by experiments, 
and the water entry dynamic model is improved at the same time. An active disturbance rejection 
controller (ADRC) is designed for the control of water entry attitude and height. Experimental 
results obtained from the comparison of the ADRC and a proportional-integral-derivative (PID) 
controller show that the ADRC designed in this study is more robust than the PID controller for 
the internal coupling and external disturbance on the vehicle. Moreover, the ADRC can meet the 
requirements of rapid attitude adjustment and accurate height control. 
Keywords: water-air unmanned vehicle, dynamic models, in-ground effect, active disturbance 
rejection controller (ADRC). 

1. Introduction 

The development of water-air unmanned vehicle capable of flying in the air and moving 
underwater has become one of the most popular topics because of its wide application in the 
military and civil services [1]. The water-air unmanned vehicle with quadrotor structure [2], which 
has strong mobility, can take off and land vertically in a narrow space, fly free in all directions, 
and hover easily in the air or move underwater. 

The motion environment switch of this kind vehicle requires accurate attitude and height 
conditions, particularly from air to water. If the vehicle crosses the water surface with improper 
attitude, then it may bounce off or overturn [3], and normal motion cannot be guaranteed after it 
enters the water. 

When the water-air unmanned vehicle descends until it reaches a certain height from the water 
surface, the lift increases and the drag decreases, leading to the rapid increase of the lift-to-drag 
ratio, which is called the in-ground effect (IGE) [4]. The IGE can improve the aerodynamic 
efficiency of the vehicle, but can adversely affect the stability. Several researchers have 
investigated the IGE of rotors from the experimental and theoretical aspects. I.C. Cheeseman and 
W.E. Bennett [5] proposed a computational model to calculate the IGE of helicopter rotors based 
on the image method and pointed out that the ratio of thrust produced by a single rotor with and 
without the IGE is a function related to the rotor radius and the vertical distance from the disk to 
the ground. H. H. Heyson [6] conducted an experiment on the induced velocity of the aircraft 
during vertical takeoff and landing and observed the air flow change when the aircraft was 0.3-2 
times of the rotor height above the ground surface. The results show that, when the height of the 
aircraft from the ground surface is the same as the length of its wing, the thrust decreases by 20 % 
under the influence of IGE. With the development of computer science, many researchers have 
applied computational fluid dynamics (CFD) to analyze the air flow around the rotor, which is 
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important in investigating the IGE of aircrafts. Ye et al. [7] developed a numerical simulation 
method of IGE for helicopters based on the unstructured embedded grid method, simulated the 
IGE with one surface of the background embedded mesh, and calculated the location of the 
blade-tip vortex and the rotor thrust increment in the IGE condition. Zhao and He [8] developed a 
viscous discrete vortex method based on the Lagrange description and simulated the flow field of 
the hovering IGE of the CH-53E class helicopter. However, when the CFD method is used to 
calculate the rotor flow filed under the complex IGE condition, the result and its accuracy must 
be improved to avoid the limitations of numerical dissipation and grid quality. 

At present, the studies related to rotor IGE are mainly focused on single-rotor aircrafts. 
Significant differences exist between the flow fields of single-rotor aircraft and that of water-air 
unmanned vehicle with double quadrotor structure. Qi [9] simulated the flow field characteristics 
of a normal quadrotor aircraft without IGE using the finite element method. The results show 
strong turbulence among the four rotors, and the distribution of the flow field around the aircraft 
is complex and widely affected. T. Ran and H. J. Kim [10] developed a special device to analyze 
the IGE of quadrotor aircraft, but the formula obtained is excessively complex to be applied 
directly. Otherwise, the large difference in the physical properties between water and ground 
surfaces will result in the difficulty in determining the IGE of water-air unmanned vehicle because 
of the deformation of the water surface when the vehicle approaches it. 

The IGE will result in obvious differences in the dynamic model of the water-air unmanned 
vehicle. Various methods are used to control the flight of the quadrotor aircraft in air, such as 
proportional-integral-derivative (PID) control [11], backstepping control [12], sliding mode 
control [13], and robust control [14]. However, the aforementioned studies did not consider IGE, 
which cannot be ignored when an aircraft flies at super low attitude particularly or when landing. 
The water-air unmanned vehicle with quadrotor structure has the characteristics of underactuated 
system, strong coupling, and sensitivity to disturbance, and it requires stricter control than the 
normal quadrotor aircraft because of its special mission and motion environment (water and air). 
The active disturbance rejection control method [15] can ensure attitude control and height control 
of the water-air unmanned vehicle by estimating and compensating external and internal 
disturbances acting on the system in real time. 

In this study, a water-air unmanned vehicle with double quadrotor structure is designed, and 
the IGE formula is obtained through experiments based on the method of Li [16], which improves 
the dynamic model of the water entry process. An active disturbance rejection controller (ADRC) 
is designed to achieve effective control of the water entry process of the vehicle. The remainder 
of this paper is organized as follows: In Section 2, the mechanical structure, operation principle, 
and basic dynamic model of the water-air unmanned vehicle with double quadrotor structure are 
introduced. In Section 3, the IGE formula of water entry is obtained through the experimental 
method. In Section 4, a control system structure based on ADRC is given, and the parameter tuning 
methods of the ADRC are analyzed and summarized. In Section 5, the robustness and 
effectiveness of the ADRC are verified through a comparison with a normal PID controller. The 
conclusion is given in Section 6. 

2. Structure and dynamic model of the water-air unmanned vehicle 

2.1. Structural description of the water-air unmanned vehicle 

The water-air unmanned vehicle with double quadrotor structure mainly consists of 
double-layer body frame, control box, motor, air power mechanism, and water power mechanism. 
The core component is the control box, inside of which is installed with control system, batteries, 
and other components. The control system is a dual processor structure. One of them is for 
management mission, and the other one is to calculate the attitude and control law. The hardware 
of the control system is shown in Fig. 1. 

Carbon fiber is selected for the body frame to improve the intensity and reduce the weight. 
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When the vehicle works, the motor is driven by a 12 V direct current battery found inside the 
control box and the maximum rotation speed is approximately 9,000 r/min. The 1050 real carbon 
fiber propeller and two-stroke D50 underwater propeller are selected as the air power mechanism 
and water power mechanism, respectively. The control box is cuboid, which is simply processed 
and installed but increases the drag to a certain extent when the vehicle moves. 

When the water-air unmanned vehicle flies in the air, only the air power mechanism works. 
By contrast, when water-air unmanned vehicle moves underwater, only the water power 
mechanism works. On the upper surface of the body frame, a turntable is installed. The propeller 
arms are folded at ordinary time to save space for easy storage. When the vehicle starts to fly, the 
propeller arms are unfolded and the air power mechanism starts to work. When the vehicle crosses 
the water surface, the switch between the air and water power mechanisms is achieved by the 
cooperation of pressure sensor and operator observation. The water entry process of the vehicle 
should meet certain conditions. The vehicle enters the water vertically because its attitudes in air 
and underwater are almost the same. In other words, the body of the vehicle should be kept stable 
in the water entry process (the attitude angle is 0). The design sketch and motion principle of the 
water-air unmanned vehicle are shown in Fig. 2. 

 
Fig. 1. The hardware of control system 

 
Fig. 2. The design sketch and motion principle of the water-air unmanned vehicle 

2.2. Dynamic model 

The major focus of this study is the force of the water-air unmanned vehicle before it enters 
the water, and the dynamic model of the vehicle flying in air is established. The dynamic model 
of the normal quadrotor aircraft is given in the literature, and the following is a simple description: 

Establish the ground coordinate system ܧ: ሼݔ௘, ,௘ݕ ௘ሽݖ  and the body coordinate system 



2157. DYNAMIC MODEL AND ADRC OF A NOVEL WATER-AIR UNMANNED VEHICLE FOR WATER ENTRY WITH IN-GROUND EFFECT.  
DUO QI, JINFU FENG, YONGLI LI 

3746 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2016, VOL. 18, ISSUE 6. ISSN 1392-8716  

:ܤ ሼݔ௕, ,௕ݕ  .௕ሽ based on the right-hand principle, as shown in Fig. 3ݖ



 
Fig. 3. Body coordinate system and ground coordinate system (ݔ, ,ݕ ,߶) are the location coordinates of the body coordinate system, and (ݖ ,ߠ ߰) are three 

Euler angles (roll angle, pitch angle, and yaw angle). The model can be divided into the linear 
motion subsystem and angular motion subsystem, which are shown as follows: ߦ = ,ݔ) ,ݕ (ݖ ∈ ܴଷ, (1)ߟ = (߶, ,ߠ ߰) ∈ ܴଷ. (2)

The transformation matrix from the body coordinate system to the ground coordinate system 
is shown as follows: 

ܴ = ൭cosߠcos߰ sin߶sinߠcos߰ − cos߶sin߰ cos߶sinߠcos߰ + sin߶sin߰cosߠsin߰ sin߶sinߠsin߰ + cos߶cos߰ cos߶sinߠsin߰ − sin߶cos߰−sinߠ sin߶cosߠ cos߶cosߠ ൱, (3)

ܶ = ൭1 sin߶tanߠ cos߶tan0ߠ cos߶ −sin߶0 sin߶/cosߠ cos߶/cosߠ൱. (4)

Linear motion dynamic model can be expressed as follows: ߦሶ = ܴܸ, (5)

where, ߦሶ and ܸ are the velocity vector in the ground and body coordinate systems, respectively. 
Angular motion dynamic model can be expressed as follows: ߟሶ = ܶ߱, (6)

where ߟሶ  and ߱  are the angular velocity vector in the ground and body coordinate systems, 
respectively. 

The six degrees of freedom movement of the normal quadrotor aircraft includes three 
directions of angular movement and three directions of linear movement. When the aircraft flies 
in high height, the formula of the linear motion is based on the Newton-Euler formula, as follows: ݉ߦሶ = −݉݃݁௭ + ,௭்ܴ݁ݑ (7)

where ݉ is the mass of the quadrotor aircraft, ݃ is the acceleration due to gravity, ݁௭ = (0,0,1)் 
is the unit vector in the ground coordinate system, and ்ݑ is the total lift produced by four rotors, 
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as follows: 

்ݑ = ෍ ௜ସ௜ୀଵܨ = ܾ ෍ Ω௜ଶସ௜ୀଵ , (8)

where Ω௜ and ܨ௜ are the rotating speed and the lift produced by the ݅th rotor, respectively, and ܾ is 
the lift coefficient. 

The dynamic model of the angular motion can be expressed as follows: ܫ ሶ߱ = −߱ × ߱ܫ − ௔ܩ + ߬, (9)

where ܫ is inertia matrix, −߱ × ௔ܩ and ߱ܫ  are the gyroscopic effect produced by rigid body rotation 
and the direction change of the propeller, respectively, and τ is the control moment, as follows: 

௔ܩ = ෍ ௥ସ௜ୀଵܬ (߱ × ݁௭)(−1)௜ାଵΩ௜, (10)

߬ = ൭߬థ߬ఏ߬ట൱ = ቌ ݈ܾ(Ωସଶ − Ωଶଶ)݈ܾ(Ωଷଶ − Ωଵଶ)݀(Ωଶଶ + Ωସଶ − Ωଵଶ − Ωଷଶ)ቍ, (11)

where, ܬ௥ is the rotational inertia, ݈ is the distance from motor to the gravity center and ݀ is the 
drag coefficient. 

According to Eqs. (7) and (9), the dynamic model of linear motion and angular motion are as 
follows respectively: 

൭ݔሷݕሷݖሷ ൱ = ൭00−݃൱ + 1݉ ൭cos߶sinߠcos߰ + sin߶sin߰cos߶sinߠsin߰ − sin߶cos߰cos߶cosߠ ൱ ,்ݑ (12)

ቌ߶ሷߠሷ߰ ሷ ቍ =
ۈۉ
ۇۈۈ

ሶߠ ሶ߰ ൬ܫ௬௬ − ௫௫ܫ௭௭ܫ ൰߶ሶ ሶ߰ ቆܫ௭௭ − ௬௬ܫ௫௫ܫ ቇߠሶ߶ሶ ൬ܫ௫௫ − ௭௭ܫ௬௬ܫ ൰ ۋی
ۊۋۋ − ۈۉ

ۇ ௫௫ܫ௥ܬ −ሶΩௗߠ ௬௬ܫ௥ܬ ߶ሶ Ωௗ0 ۋی
ۊ +

ۈۉ
ۇۈۈ

௫௫ܫ1 ߬థ1ܫ௬௬ ߬ఏ1ܫ௭௭ ߬టۋی
(13) .ۊۋۋ

Therefore, quadrotor aircraft is typically under actuated system with 4 input of ൫்ݑ, ߬థ, ߬ఏ, ߬అ൯ 
and 6 output of (ݔ, ,ݕ ,ݖ ߶, ,ߠ Ψ). The complete dynamic model is shown as follows: 

ەۖۖ
ۖۖۖ
۔ۖ
ۖۖۖ
ሷݔۓۖ = (cos߶sinߠcos߰ + sin߶sin߰) 1݉ ሷݕ,ଵݑ = (cos߶sinߠsin߰ − sin߶cos߰) 1݉ ሷݖ,ଵݑ = −݃ + (cos߶cosߠ) 1݉ ଵ,߶ሷݑ = ሶߠ ሶ߰ ൬ܫ௬௬ − ௫௫ܫ௭௭ܫ ൰ − ௫௫ܫ௥ܬ ሶΩௗߠ + ௫௫ܫ݈ ሷߠ,ଶݑ = ߶ሶ ሶ߰ ቆܫ௭௭ − ௬௬ܫ௫௫ܫ ቇ + ௬௬ܫ௥ܬ ߶ሶ Ωௗ + ௬௬ܫ݈ ଷ,ሷ߰ݑ = ሶ߶ሶߠ ൬ܫ௫௫ − ௭௭ܫ௬௬ܫ ൰ + ௭௭ܫ1 ,ସݑ

 (14)
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where: Ωௗ = Ωଶ + Ωସ − Ωଵ − Ωଷ. (15)

The expression of control input is as follows: 

۔ۖەۖ
ଵݑۓ = ܾ(Ωଵଶ + Ωଶଶ + Ωଷଶ + Ωସଶ),ݑଶ = ܾ(Ωସଶ − Ωଶଶ),ݑଷ = ܾ(Ωଷଶ − Ωଵଶ),ݑସ = ݀(Ωଶଶ + Ωସଶ − Ωଵଶ − Ωଷଶ). (16)

2.3. IGE 

I. C. Cheeseman [5] proposed a general model of the IGE of helicopters, which is shown as 
follows: 

ூܶீாைܶீா = 11 − ቀ ቁଶ, (17)ݖ4ݎ

where ݎ is the radius of the propeller, ݖ is the distance from the propeller to the ground, ைܶீா is 
the thrust produced by the propeller without IGE, and ூܶீா is the total thrust IGE. The previously 
presented theoretical formula is applied to a single-rotor helicopter. For the large difference 
between helicopter and quadrotor aircraft, the formula cannot be used directly in calculating the 
IGE of the quadrotor. According to the IGE formula of a normal quadrotor [16], we introduce a 
correct coefficient based on Eq. (17) that can be applied to the water-air unmanned vehicle with 
double quadrotor structure, as shown in Eq. (18): 

ூܶே௉௎்ைܶ௎்௉௎் = 1 − ߙ ൬ ,௥൰ଶݖ௥4ݎ (18)

where ூܶே௉௎் is the required thrust, ைܶ௎்௉௎் is the real thrust produced by the vehicle, ݎ௥ is the 
propeller radius of the water–air unmanned vehicle, ݖ௥ is the distance from the vehicle to the water 
surface, and ߙ is a coefficient that must be determined. ߙ is determined by experiments. The 
experimental setup is shown in Fig. 4, and mainly functions of each part are introduced. 

 
Fig. 4. IGE experimental setup 

(1) Power system. 
The power system provides the motor power, which consists of DC power supply, brushless 

motor and speed governor. The rated voltage of the supply is 15 V and the rotor is inner rotor 
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brushless motor. 
(2) Operation system. 
The operation system adjusts the input current of the bruthless DC motor by changing the duty 

cycle of PWM control pulse, which can realise the control of motor rotor speed.  
(3) Measurement system. 
The measurement system is used to measure the speed, thrust and power consumption of the 

rotor wings. Tachometer is used to measure the speed. Press sensor is applied to measure the thrust 
and its precision is –0.019 V/10 g. The power consumption is obtained by processing the recorded 
data of voltage and current. 

(4) Fixing equipments. 
The fixing equipments are fixed at the bottom of the tank which can support the power system. 

The trestle has a scale which is convenient for reading out the hovering height of the water-air 
vehicle. 

The calculation steps are as follows: 
Step 1. Determine the input thrust ூܶே௉௎் of the vehicle at different heights from the water 

surface. Typically, these values can be obtained directly. Table 1. shows the relationship between 
the height where the water-air unmanned vehicle hovers and the thrust it requires. 

Table 1. The height the water-air unmanned vehicle hovering and the thrust it required 
Altitude (m) 0.16 0.19 0.24 0.30 0.34 0.39 0.43 0.47 
Thrust (N) 22.73 23.09 23.75 24.25 24.70 25.0 25.07 25.16 

Step 2. Determine the real thrust ைܶ௎்௉௎் at different heights from the water surface. Under 
the condition that the vehicle is steadily hovering, the thrust it produces is equal to its gravity, that 
is, ைܶ௎்௉௎் = ݉݃, and ைܶ௎்௉௎் can be regarded as a constant. 

Step 3. Fit the value of ߙ through the least square method. 
The ݎ௥ and ݉ of the water-air unmanned vehicle designed in this study are 0.15 m and 2.57 kg, 

respectively. In the range of 0.15 m < ௥ݖ < 0.5 m, ߙ should be a fitting formula, which can be 
expressed as: ߙ = ௥ଶݖ40.03− + ௥ݖ18.7105 − 0.0398. (19)
 

 
Fig. 5. IGE curve of water-air vehicle 

 
Fig. 6. Change of water surface 

The experiments are conducted in an indoor pool, which can reduce the influence of the wind 
and waves in natural waters. We assume that the dimensional factors are ܶ = ூܶே௉௎்/ ைܶ௎்௉௎் 
and ݎ = ܶ ௥ , and a smaller ܶ indicates a more obvious IGE. Whenݎ/௥ݖ = 1, the IGE can be 
ignored. Fig. 5. shows that, when ݎ = 3.3, the IGE of the water-air unmanned vehicle is still 
obvious, and thereafter, the thrust changes gradually. I. C. Cheeseman [5] pointed out that the 
significant interval of the IGE of a single rotor is 0.5 < ݎ < 2. Li [16] pointed out that the 
significant interval of the IGE of the normal quadrotor aircraft is 0.5 < ݎ < 4. In this study, the 
significant interval of the water-air unmanned vehicle is 0.5 < ݎ < 3.3 in the water entry process 
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because, when the vehicle approaches the water surface gradually, it will cause a series of complex 
disturbances on the still water surface. Part of the air flow between air propellers and the water 
surface is lost in random directions. As a result, the significant interval of the IGE of the water-air 
unmanned vehicle in the water entry process is larger than that of the single-rotor helicopter but 
smaller than that of the normal quadrotor aircraft. Fig. 6. shows the changes of the water surface 
when ݖ௥ = 0.25 m. It can be seen that when the water-air unmanned vehicle approaches to the 
water surface, below it, the water sags. At the same time, waves spread around. 

3. Design of the ADRC 

In achieving accurate height control of the water-air unmanned vehicle, the IGE is considered 
in the previously presented dynamic model. The height dynamic formula is shown as follows: 

ሷݖ = −݃ + (cos߶cosߠ) 1݉ ,௭ݑ ଵݑ(20) = ௭ݑ ቆ1 − ߙ ൬ .௥൰ଶቇݖ௥4ݎ (21)

The dynamic model of the water-air unmanned vehicle shows that the intercoupling problem 
of attitude control including roll, pitch, and yaw can be solved well by the ADRC method. The 
system chart of height and attitude control of the vehicle is shown in Fig. 7. 

The ADRC consists of the tracking differentiator (TD), extended state observer (ESO), and 
nonlinear state error feedback (NLSEF), which is shown in Fig. 8. 

According to the separation principle, with the pitch channel as an example, TD, ESO, and 
NLSEF are designed, and the discrete form of the control algorithm and the regular parameter 
settings are given. 










 
Fig. 7. System chart of the vehicle height and attitude control 



 
Fig. 8. Active disturbance rejection controller 

3.1. Tracking differentiator ൜ݒଵ(݇ + 1) = (݇)ଵݒ + ݇)ଶݒ,(݇)ଶݒܶ + 1) = (݇)ଶݒ + (݇)ଵݒ)ݐݏ݂ܶ − ,(݇)ௗߠ ,(݇)ଶݒ ,ݎ ℎ), (22)
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where, defined ݂ݐݏ( ) as follows [17]: 

,ଵݔ)ݐݏ݂ ,ଶݔ ,ݎ ℎ) = − ൝݀ܽݎ , ܽ ≤ ݀଴,ݎsgnܽ, ܽ > ݀଴, (23)

where: 

ەۖۖۖ
۔ۖ
݀ۓۖۖ = ℎ,ܽ଴ݎ = (݀ଶ + ଵଶ,݀଴(|ݕ|ݎ8 = ݀ℎ,ݕ = ଵݔ + ℎݔଶ,

ܽ = ൞ݔଶ + ܽ଴ − ݀2 |ݕ|    , > ݀଴,ݔଶ + |ݕ|   ,ℎݕ ≤ ݀଴.
 (24)

ௗߠ  is the target pitch angle, ݒ(݇) is the input signal at time ݇, ܶ is the integral step of the 
tracking differentiator, ݎ  is the velocity factor, and ℎ  is the filtering factor. According to 
engineering practice, a larger ݎ indicates a shorter transient process and a closer distance to the 
input signal. A smaller ݎ indicates a longer transient process, which influences the response rate 
of the system. A larger ℎ indicates a better filtering result, and the phase loss of the tracking signal 
is larger. In practical application, ℎ = 3ܶ-7ܶ. 

3.2. Extended state observer ߝଵ = (݇)ଵݖ − ݇)ଵݖቐ(25) ,(݇)ݕ + 1) = (݇)ଵݖ + (݇)ଶݖ)ܶ − ݇)ଶݖ,(ଵߝଵߚ + 1) = (݇)ଶݖ + (݇)ଷݖ)ܶ − ,ଵߝ)ଶ݂݈ܽߚ ,ଵߙ (ߜ + ݇)ଷݖ((݇)ݑܾ + 1) = (݇)ଷݖ − ,ଵߝ)ଷ݂݈ܽߚܶ ,ଶߙ .(ߜ , (26)

The definition of ݂݈ܽ( ) is as follows: 

,ߝ)݈݂ܽ ,ߙ (ߜ = ൝|ߝ|ఈsgnߝ, |ߝ| > ଵିఈߜߝ,ߜ , |ߝ| ≤ .ߜ (27)

The extended state observer is the core of the ADRC, which directly affects the control result. 
The nonlinear shape of ݂݈ܽ( ) is determined by ߙ. The linear interval width of ݂݈ܽ( ) near the 
origin is determined by ߜ . If ߜ  is excessively large, then the approximation capability of the 
nonlinear signal will weaken. If ߜ  is excessively small, then it will cause high-frequency 
chattering. ߚଵ, ߚଶ, and ߚଷ are feedback gains of state error, which affect the convergence velocity 
of ESO. 

3.3. Nonlinear state error feedback 

۔ۖەۖ
ଵ݁ۓ = (݇)ଵݒ − ଵ(݇),݁ଶݖ = (݇)ଶݒ − ଴ݑ,(݇)ଶݖ = ݇ଵ݂݈ܽ(݁ଵ, ,ଵߙ (଴ߜ + ݇ଶ݂݈ܽ(݁ଵ, ,ଶߙ (݇)ݑ(଴ߜ = (݇)଴ݑ − ܾ(݇)ଷݖ . , (28)
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݇ଵ and ݇ଶ are controller gains. The larger the value of ݇ଵ, the sooner the system responds. The 
largeness of ݇ଵ may cause divergence of the output. The appropriate increase of ݇ଶ can improve 
the dynamic performance of the system and restrain overshoots in the transient process. ܾ is the 
compensation factor, which determines the variation range of the estimated value of the 
disturbance. 

3.4. Stability condition of ADRC 

In an ADRC system, the role of TD and NLSEF is to accelerate response, and the system 
stability mainly depends upon ESO [18, 19]. 

For the second order discrete-time ESO proposed in this paper, when ߙଵ = ଶߙ = 1, the ESO 
is linear. That is: ൤ݖଵ(݇ + ݇)ଶݖ(1 + 1)൨ = ൤1 − ℎܾଵ ℎ−ℎܾଵ 1൨ ൤ݖଵ(݇)ݖଶ(݇)൨ + ൤ℎܾଵℎܾଶ൨ ݂(݇). (29)

Characteristic equation of the second order discrete-time ESO is: (ݖ)ܦ = ݖ) − 1)ଶ + ݖ)ଵℎߚ − 1) + ℎଶߚଶ. (30)

Assume ݖ = ߱ + 1 ߱ − 1⁄ , and transform (ݖ)ܦ to ܦ(߱). According to the Routh stability 
criterion, the stability condition of a linear second order discrete-time ESO is: 

ܾଵ > ℎܾଶ,     ܾଶ < 4ℎଶ. (31)

For a nonlinear second order discrete-time ESO, if (ߙଵ, ,ଶߙ ,ଵߚ  :ଶ) is determinedߚ

ܾଵ > ℎܾଶ ଶଵିఈమߜଵଵିఈభߜ ,    ܾଶ < 4ℎଶߜଶଵିఈమ. (32)

That is the stability condition of ESO. 

4. Analysis of the experimental results 

An experiment comparing the ADRC and the normal PID controller is conducted to verify the 
superiority of the ADRC in attitude and height control of the water-air unmanned vehicle during 
water entry. The parameters of the model are shown in Table 2. The control parameters are 
determined by several experiments based on the previous regular tuning and are shown in Table 3. 

Table 2. Parameters of the water-air vehicle 
Parameter Value Unit ݉ 2.57 kg ݈ 0.32 M ݃ 9.8 m∙s-2 ܾ 4.32×10-5 m∙s-2 ݀ 2.5×10-6 N∙s-2 ܫ௫௫ 8.1×10-3 N∙m∙s-2 ܫ௬௬ 8.1×10-3 N∙m∙s-2 ܫ௭௭ 14.2×10-3 N∙m∙s-2 ܬ௥ 6×10-5 kg∙m2 
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Table 3. Parameters of ADRC 

 Parameter Roll channel 
controller 

Pitch channel 
controller 

Yaw channel 
controller 

Height 
controller 

TD 2 2 2 2 ݎ ℎ 0.06 0.06 0.06 0.06 

ESO 

 ଷ 2600 2600 3200 3000ߚ ଶ 450 450 550 580ߚ ଵ 90 90 90 90ߚ 0.06 0.06 0.1 0.1 ߜ ଶ 0.25 0.25 0.25 0.25ߙ ଵ 0.5 0.5 0.5 0.5ߙ

NLSEF 

 ଶ 1.5 1.5 1.5 1.5 ݇ଵ 50 50 80 120 ݇ଶ 30 30 75 100 ܾ 123 123 80 100ߙ ଵ 0.5 0.5 0.5 0.5ߙ

4.1. Experiment on attitude control 

The chief flow chart of attitude control system and program flow chart of attitude control 
algorithm are shown in Fig. 9. and Fig. 10., respectively.  

The initial roll angle of the water-air unmanned vehicle is ߶଴ = −0.13 rad, the pitch angle is ߠ଴ = 0.038 rad, the yaw angle is ߰଴ = 0.074 rad, and all desired attitude angles are 0 rad, which 
is the stable hovering state. Under the control of the ADRC and the normal PID controller, the 
change curves of the attitude angle are shown as follows. 

 
Fig. 9. Chief flow chart of attitude control system 

Start

Parameter 
Initializing

Sampling Angular 
Speed 

Calculating 
Errors

Calculating the 
Controller Output

Parameter 
Updating

Return

 
Fig. 10. Program flow chart of attitude control algorithm 

Fig. 11. shows that the attitude response curve of the ADRC can track the desired value well. 
Although the PID controller can also track the desired value, a large oscillation exists and a long 
setting time is needed. The performance indices of the ADRC and the normal PID controller are 
shown in Table 4. With the roll angle ߶ control as an example, the overshoot of the PID controller 
is 35 %, approximately four times more than that of the ADRC, which is 7.2 %. The advantage of 
ADRC in setting time is obvious in the water entry process of the water-air unmanned vehicle. 
Similar conclusions on the control of pitch angle ߠ and yaw ߰ angle are obtained. The main reason 
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for the aforementioned results is that a coupling interference exists in the attitude angle control 
channels, and this interference can be regarded as internal disturbance. ESO has the abilities to 
estimate and compensate, which enhance the robustness of the system significantly. 

a) Change curve of roll angle 
 

b) Change curve of pitch angle 

 
c) Change curve of yaw angle 

Fig. 11. Attitude angle change curves of PID controller and ADRC 

Table 4. Performance Index of ADRC controller and normal PID controller 

Variable Normal PID controller ADRC 
Overshoot / % Setting time / s Overshoot / % Setting time / s ߶ (Phi) 35 7.3 7.2 4.2 ߠ (Theta) 27 7.4 6.2 4.1 ߰ (Psi) 25 8.2 6.5 4.5 

4.2. Experiment on height control 

The initial height of the water-air unmanned vehicle is 2 m. When the vehicle hovers steadily 
at such height, the water entry order starts. Given the double-layer structure and body frame of the 
water-air unmanned vehicle, when its bottom touches the water, the air rotor is 0.15 m high from 
the water surface. The curves of the UAV height changing under the control of the PID controller 
and the ADRC are shown in Figs. 12. and 13. 

Fig. 12. shows that, at the early stage of the descent of the vehicle, the tracking trajectory of 
the PID controller coincides well with the reference trajectory. However, when the height is lower 
than 0.5 m, the PID controller cannot track it effectively because of the increase of IGE. The 
maximum error is more than 0.3 m, and the root mean square error is 0.14 m. Fig. 13. shows that 
the tracking trajectory of the ADRC coincides well with the reference trajectory at the early stage 
of the descent or approach of the UAV to the water surface. In the experiment, the real descending 
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height is 0.17 m, which is close to the theoretical value. The maximum error is 0.06 m, and the 
root mean square error is 0.03 m. The IGE can be regarded as an external interference, and the 
ADRC method can deal with such a problem. 

Fig. 12. Change curves of height  
under PID controller 

Fig. 13. Change curves of height  
under ADRC controller 

5. Conclusions 

A water-air unmanned vehicle with double quadrotor structure is proposed in this study. The 
IGE formula of water entry is derived by the experimental method, and the dynamic model is 
improved at the same time. An ADRC is designed, and the parameter setting of the controller is 
completed by practical experience. Experiments on the water entry attitude and height control of 
the water-air unmanned vehicle are conducted. The results show that, compared with the PID 
method, the ADRC has better stability, shorter setting time, and stronger robustness. 

References 

[1] Zhao W. D., Liu J. H., Liang J. H., Wang T. M., Yang X. B., Yao G. C. The application of CAD 
technology in the process of aircraft bionic design. Journal of Graphics, Vol. 35, Issue 2, 2014, 
p. 243-249. 

[2] Li X. S. The USA Develops a New Water-Air Vehicle. http://tech.huanqiu.com/diginews/2015-
12/8247487.html, 2015. 

[3] Wang Y. H. Dynamic Response Analysis of Airborne Torpedo and Deep-mine during Water-Entry 
Impact and Research of the Relative Technology. Northwestern Polytechnical University, 2008. 

[4] Hayden J. S. The effect of the ground on helicopter hovering power required. Proceedings of the 32nd 
American Helicopter Society Forum, Washington, D.C., 1976, p. 10-12. 

[5] Cheeseman I. C., Bennett W. E. The Effect of Ground on a Helicopter Rotor in Forward flight. 
Technical Report, Aeronautical Research Council, 1957. 

[6] Heyson H. H. Theoretical Study of the Effect of Ground Proximity on the Induced Efficiency of 
Helicopter Rotors. http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19770017115.pdf, 1977. 

[7] Ye L., Zhao Q. J., Xu G. H. Numerical simulation on flowfield of rotor in ground effect based on 
unstructured embedded grid method. ACTA Aeronautica et Astronaut ICA Sinica, Vol. 30, Issue 5, 
2009, p. 780-786. 

[8] Zhao J. G., He C. J. A viscous vortex particle model for rotor wake and interference analysis. Journal 
of American Helicopter Society, Vol. 55, Issue 1, 2010, p. 1-14. 

[9] Qi S. H. The Design and Attitude Control of a Micro Quadrotor Aircraft. Shanghai Jiao Tong 
University, 2013.  

[10] Ryan T., Kim H. J. Modeling of quadrotor ground effect forces via simple visual feedback and support 
vector regression. Proceedings of the AIAA Guidance, Navigation, and Control Conference, 2012. 

[11] Hoffmann G. M., Huang H., Waslander S. L., et al. Quadrotor helicopter flight dynamics and 
control: theory and experiment. Proceedings of the AIAA Guidance, Navigation, and Control 
Conference and Exhibit, 2007. 

0 2 4 6 8 10 12 14 16 18 20
0

0.5

1

1.5

2

2.5

Time(s)

A
lti

tu
de

(m
)

 

 
Reference altitude
Actual altitude

0 2 4 6 8 10 12 14 16 18 20
0

0.5

1

1.5

2

2.5

Time(s)

A
lti

tu
de

(m
)

 

 
Reference altitude
Actual altitude



2157. DYNAMIC MODEL AND ADRC OF A NOVEL WATER-AIR UNMANNED VEHICLE FOR WATER ENTRY WITH IN-GROUND EFFECT.  
DUO QI, JINFU FENG, YONGLI LI 

3756 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2016, VOL. 18, ISSUE 6. ISSN 1392-8716  

[12] Abhijit D., Frank L., Kamesh S. Backstepping approach for controlling a quadrotor using Lagrange 
form dynamics. Journal of Intelligent Robots and Systems, Vol. 56, 2009, p. 127-151. 

[13] Lee D., Kim H. J., Sastry S. Feedback linearization vs. adaptive sliding mode control for a quadrotor 
helicopter. International Journal of Control, Automation, and Systems, Vol. 7, Issue 3, 2009, 
p. 419-428. 

[14] Bai Y. Q., Liu H., Shi Z. Y., Zhong Y. S. Robust flight control of quadrotor unmanned air vehicles. 
Robot, Vol. 34, Issue 5, 2012, p. 519-524. 

[15] Wang J. S., Ma H. X., Cai W. L., et al. Research on micro quadrotor control based on ADRC. Journal 
of Projectiles, Rockets, Missiles and Guidance, Vol. 28, Issue 3, 2008, p. 31-40. 

[16] Li D. J., Zhou Y., Shi Z. Y., Lu G. Autonomous landing of quadrotor based on ground effect 
modeling. Proceedings of the 34th Chinese Control Conference, 2015, p. 5647-5652. 

[17] Han J. Q. Auto-disturbances-rejection controller and its application. Control and Decision, Vol. 13, 
Issue 1, 1998, p. 19-23. 

[18] Wang Y. H., Yao Y., Ma K. M. Error estimation of second order extended state observer. Journal of 
Jilin University (Engineering and Technology Edition). Vol. 40, Issue 1, 2010, p. 143-147. 

[19] Lei Z. L., Guo C., Fan Y. S. Dynamic positioning system based on active disturbance rejection 
technology. Journal of Ocean University of China, Vol. 14, Issue 4, 2015, p. 636-644. 

 

Qi Duo received Master degree in Aviation University of AirForce, Changchun, China, in 
2013. Now he is a Ph.D. candidate at School of Aeronautics and Astronautics Engineering, 
Air Force Engineering University, Xi’an, China. His research interests include 
computational fluid dynamics, control, and fluid-structure interaction. 

 

Feng Jinfu received Ph.D. degree in Nanjing University of Science and Technology, 
Nanjing, China, in 1999. Now he is a Professor at School of Aeronautics and Astronautics 
Engineering, Air Force Engineering University, Xi’an, China. His research interests 
include computational fluid dynamics, and fluid-structure interaction. 

 

Li Yongli received Master degree in CAPF, Xian, China, in 2013. Now he is a Ph.D. 
candidate at School of Aeronautics and Astronautics Engineering, Air Force Engineering 
University, Xi’an, China. His research interests include computational fluid dynamics, 
control, and fluid-structure interaction. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


